Fecundity, hatching rhythm, and the planktotrophic larval development of the hermit crab Pagurus comptus from sub-Antarctic waters of the Beagle Channel (Tierra del Fuego) were studied under controlled laboratory conditions of temperature, light cycle, food supply, and salinity. Fecundity was low, ranging from 134 to 848 eggs per female (cephalotoraxic shield length, SL, 2.3^5.0 mm). Hatching observed in the laboratory ranged from 6 to 30 d. The larval development was studied in laboratory cultures fed with Artemia sp. nauplii and kept at constant 7.0 AE0.58C. Larvae invariably passed through four zoeal instars and one megalopa stage. Mean durations of the zoeal stages I to IV were 14.3 AE1.8, 16.7 AE4.6, 23.2 AE6.5, 33.4 AE9.2 d, respectively. Combined with the 43.8 AE5.6 d recorded for the survived megalopae, we suggest that the complete larval development lasts about four months. Starved larvae, on average, survived for 22 AE8.1d (maximum 38 d) by far exceeding the zoea I duration in fed larvae, but did not reach the moult to the zoea II stage. Unlike other sub-Antarctic decapods, which show a tendency towards abbreviated or endotrophic larval developments at high latitudes, hermit crabs, at their southernmost distributional limit on Earth, show an extended and fully planktotrophic larval development and thus need to synchronize larval release with short periods of high primary production.
INTRODUCTION
Our knowledge on the biology of hermit crabs in high southern latitudes is very limited. Until recently, information only consisted of speci¢c records of the four pagurid species present in the sub-Antarctic marine realm o¡ South America (Boschi et al., 1992; Spivak, 1999; Retamal, 2000;  for review see Gorny, 1999) . Information on pagurid larval development is limited to Pagurus exilis (Scelzo & Boschi, 1969) , a subtropical species associated with the Brazil current that occurs o¡ Rio de Janeiro (23806 0 S 43811 0 W) south to Bah|¤ a Blanca (39816 0 S 61850 0 W) (Spivak, 1999; Cervellini, 2001) . Pagurus comptus (White, 1847) occurs in both Atlantic and Paci¢c sides o¡ the southern tip of South America, north to Coquimbo, Chile (308S 71820 0 W) and Montevideo, Uruguay (358S 53810 0 W), respectively (Retamal, 2000) . In the Beagle Channel, P. comptus is the only hermit crab inhabiting this area. It occurs principally in shallow waters, i.e. 540 m depth at an average density of 93 ( AE294) individualsÂ 10,000 m 72 (Pe¤ rez- Barros et al., 2004) . Highest abundances occur associated with the holdfast of the kelp Macrocystis pyrifera, averaging 30 individualsÂkg holdfast 71 and peaking at *600 individualsÂkg holdfast 71 (Brusca et al., 2000) . A second species, P. forceps, has been occasionally found in sub-Antarctic waters (Boschi et al., 1992; Gorny, 1999; but never in the Beagle Channel. Pagurus spp. larvae occur in the plankton between September and December (Lovrich, 1999; . Previous studies on larval distribution did not identify to species level, because adequate larval descriptions are so far lacking (Scelzo, 1976; Bacardit, 1986; Wehrtmann & Baez, 1997; Lovrich, 1999) .
In this article, we document the reproductive biology of the hermit crab Pagurus comptus from the southernmost distributional limit of this family on Earth, in subAntarctic coastal waters of the Beagle Channel, by describing its egg-carrying period, fecundity, hatching rhythms, and the larval development under conditions of food supply versus starvation. The reproductive biology of P. comptus is discussed in combination with ecological and environmental factors prevailing in the sub-Antarctic, which might have contributed to set biogeographical limits in hermit crab distribution. Despite physiological considerations, ecological constraints prevailing from the harsh sub-polar environment might as well contribute to an understanding of the absence of hermit crabs from the polar seas.
MATERIALS AND METHODS

Sampling and maintenance of ovigerous females
For the study of larval development and hatching rhythm, living ovigerous females of Pagurus comptus were caught at about 15 to 30 m depth in the Beagle Channel (54853 0 S 68817'W) in August 2002, using an in£atable dinghy equipped with an epibenthic trawl (1.7 m mouth width, net with 1cm mesh size). The trawl is designed to operate from onboard a small boat (see Tapella et al., 2002) . For the study of fecundity, additional ovigerous females were obtained from monthly trawl samples taken in 1999 and 2000 (see Tapella et al., 2002; Pe¤ rez-Barros et al., 2004) and from holdfasts of the kelp Macrocystis pyrifera at about 10 m depth. Because female P. comptus occurred alternatively at di¡erent months in 1999 and 2000 and hatching of larvae takes place only throughout southern spring (Lovrich, 1999) , data of ovigerous females were pooled for both sampling years. For the study of fecundity all hermit crabs were ¢xed and preserved in 4% formalin bu¡ered seawater.
Maintenance of ovigerous females and rearing of larvae took place in the local institute 'Centro Austral de Investigaciones Cient|¤ ¢cas' (CADIC) in Ushuaia, Tierra del Fuego (Argentina), in an acclimated room under constant temperature conditions (7.0 AE0.58C), salinity (30 psu), and arti¢cial 12:12 h light/dark rhythm. The ovigerous hermit crabs obtained from the ¢eld and bearing advanced (eyed) embryos close to hatching were kept individually in £asks of 2-l water content. Water was changed every second day and food (commercial TETRA AniMin £akes for aquaristics, TetraWerke, Germany) was given twice a week.
Larval rearing
Hatched larvae were sampled every morning and collected from the bottom of the aquaria using glass pipettes. Hatched larvae and lost eggs of nine individually maintained females were counted. Forty-eight larvae hatched from a single Female D on 13 and 14 September 2002 were randomly selected and transferred into individual rearing cups with about 100 ml seawater. Every second day, water was changed and food (Artemia sp. nauplii; Argent Chemical Laboratories, USA) was supplied. An additional rearing consisted of larvae from the same female (N¼48) that were kept under starvation conditions. All larvae were checked daily for dead or moulted individuals. The appearance of exuvia was used to distinguish between the di¡erent stages of larval development.
Estimation of fecundity
The term fecundity is herein considered as the number of eggs per clutch. For the calculation of the clutch size/ number of eggs, pleopods with attached eggs were removed from each female by cutting the pleopodal base. Eggs were directly counted. Fecundity in the individually kept females for the study of hatching patterns and larval development was inferred from the daily number of hatched larvae and egg losses. between fecundity and female size was analysed with a linear regression analysis (Sokal & Rohlf, 1995) , previously log-transforming data to achieve linearity. Di¡erences between regression slopes were tested with an F-test (Sokal & Rohlf, 1995) .
RESULTS
Fecundity
Ovigerous females occurred mainly between April and September of 1999 and 2000 (Figure 1 ). Less than 10% of ovigerous females occurred in March and November.
Fecundity of ¢eld-collected Pagurus comptus from the Beagle Channel was dependent on female size and varied between 134 and 848 eggs per female (Figure 2) . The female log size explained 44% of the variation of the log number of eggs and followed a linear regression as follows: log N eggs¼2.25 log SL 70.09 (Figure 2 ; F regress ¼38.6, P5 50.001, r 2 ¼0.44). Fecundity from females kept for the experiments in the laboratory, i.e. the number of hatched larvae and lost eggs combined, was highly variable yet the log fecundity followed a linear regression: log N eggs¼ 4.13 log SL 70.36 (Figure 2 ; F regress ¼38.6, P¼0.03, r 2 ¼0.52). Both regression slopes were signi¢cantly di¡erent (F eq.slopes ¼45.9, P5 50.001).
Hatching rhythm
Larvae always hatched at night, and hatching started about three weeks after the capture of ovigerous females. In the laboratory, hatching occurred from 2 September to 21 October, 2002, and extended through a period varying from 6 to 30 d per female (Figure 3) . Hatching also varied among females: some females, e.g. females A and C, hatched their larvae during two almost discrete episodes whereas others showed hatching larvae in one continuous period or an even more patchy hatching distribution extending over time. For those females that hatched 4100 larvae, the average percentage of total clutch size that hatched in a single night varied from 4 to 7.6% and peaked at 28% (see female D, Figure 3 ). The number of hatched pre-zoeae increased towards mid-October (Figures 3 & 4) . The number of egg losses varied with female and contributed between 0.7 and 30.2% to the total clutch size. The ¢rst pre-zoea hatching occurred on 15 September, and proportion of hatched pre-zoeae increased thereafter (Figure 4) . After 7 October, proportions of hatched pre-zoeae were always 423% in all hatchings, and peaked 100% twice (Figure 4 ).
Larval development
The larval development lasted about four months. Larval development comprises four zoeal stages and one megalopa. Zoeal mean durations were 14.3 AE1.8, 16.7 AE4.6, 23.2 AE6.5, 33.4 AE9. Figure  3) . larvae, on average accounted for about 20% of larvae in each stage ( Figure 5A ).
Larvae kept under starvation conditions, i.e. without Artemia sp., did not reach the moult to the subsequent zoea II stage. The average survival time was 22.0 AE8.1d, although 10% of larvae survived up to one month, by far signi¢cantly exceeding the average developmental period of the zoea I instar in fed larvae (Student's t-test, t¼76.44; df¼52; P5 50.001; Figure 5B ).
DISCUSSION
Decapod larvae contribute a great proportion to the spring meroplankton community in sub-Antarctic waters of the channel and fjord system o¡ Tierra del Fuego (Lovrich, 1999; . Early life history strategies in sub-Antarctic decapods are highly diverse, ranging from fully planktotrophic larval developments, as, for example, in the present hermit crab Pagurus comptus, to tendencies of abbreviated planktotrophic larval developments in shrimp and even complete lecithotrophy is known in some anomuran lithodid crabs (Kattner et al., 2003) . Overall, species with extended planktotrophic and thus actively feeding larvae at high latitudes need to optimize larval release with the ¢rst occurrence in phytoplankton production, notably in spring, in order to allow their larvae to complete development under the presence of food during short summers. Tendencies to abbreviate larval developments in decapods at high latitudes, have been frequently summarized as a consequence of latitudinal temperature adaptation (Clarke, 2003) , in particular a mismatch of prolonged developmental times at low temperatures and short periods of food availability . This, of course, is more evident in Antarctic seas, but the selective force behind this evolutionary temperature adaptation can yet be seen in a variety of ecological and physiological cold adaptations, which become already evident in the sub-Antarctic. Some shrimp genera with congeneric species in Antarctica (Campylonotus, Chorismus, Nematocarcinus) do already in the sub-Antarctic show the same reproductive pattern, e.g. an increase in energy investment into the single o¡spring on the cost of reduced fecundity. This suggests on an evolutionary pathway and low fecundity and fewer eggs per egg batch is an observation that uni¢es many high-latitudinal decapod species. However, the sub-Antarctic P. comptus does apparently not follow this tendency, and in addition does not show an abbreviation of its larval cycle at higher latitudes, which might indicate an additional phylogenetic constraint for temperature compensation in its reproductive pattern (Clarke, 2003) . Although fecundity data in hermit crabs from lower latitudes are relatively scarce, comparison with congeneric species indicates that there might not be a decrease in fecundity with increasing latitude (Wada et al., 2000; Matellato et al., 2002; Iossi et al., 2005) . Further investigation and especially biochemical study on energy content of eggs across latitude is urgently needed to further elucidate this question.
In our study, it should be recognized that the low fecundity of female hermit crabs kept in the laboratory compared with fecundity estimates in ¢eld collected ones is presumably due to their advanced egg batch and egg loss during embryogenesis. Field-collected pagurids used in this study showed egg batches in an early stage of development when egg loss is assumed to be lowest.
The proportion of ovigerous females collected from the ¢eld (Figure 1) suggests that embryo development in P. comptus at typical autumn/winter temperatures ranging from 4 to 68C in the Beagle Channel lasts between ¢ve and six months. Hatching is not completely synchronous in the studied population, but high starvation resistance by far exceeding usual zoea I duration in fed larvae, which is typical of some shrimp larvae (Wehrtmann, 1991; , could be interpreted as an ecological adaptation to a likely variability in food availability in early spring. The extended hatching mode presented here, is the ¢rst recorded in sub-polar pagurid crabs. However, extended hatching rhythms are known from sub-Antarctic shrimp (Campylonotus vagans, Thatje et al., 2004) and king crab (Lithodes santolla, Paralomis granulosa, . Although the evidence is still scare for generalization, extended hatching rhythms have been discussed as an ecological adaptation to distribute the small o¡spring over longer periods of time, in order to reduce predation on the small o¡spring and/or as a result of physiological constraint (for discussion see .
As in other Pagurus spp., larval development of P. comptus comprises four zoeal stages and a megalopa (e.g. MacDonald et al., 1957; Goldstein & Bookhout, 1972) . We observed only dead prezoeae occurring towards the second half of the hatching period (Figure 4) . As a general pattern, a prezoea survives and moults after a few minutes to hours of being hatched (Anger, 2001) . In P. comptus the occurrence of prezoeae has been associated with detached eggs, mortality and the end of the hatching period. Therefore, we hypothesize that in P. comptus this stage is probably the way to loose unviable embryos rather than be an intermediate between the last embryonic and ¢rst zoea stages.
So, why are hermit crabs of the Beagle Channel the southernmost representatives of their kind on Earth ? The absence of crabs from Antarctic seas was frequently discussed to be due to physiological constraints. Brie£y, the inability of crabs to down-regulate high [Mg 2+ ] heamolymph concentrations below that of seawater, which should largely cause a paralyzing e¡ect on any kind of behaviour (Frederich, 1999) . Such a mechanism has been suggested to be e⁄cient in shrimp explaining why this group thrives in Antarctica . However, as the only crab family, anomuran lithodid crab were recently shown to be able to thrive under polar conditions as well, and one key to their existence in Antarctica was suggested to be their endotrophy and abbreviated development of larvae, which made them independent from the lack of planktonic food available, as well as extreme cold . Lithodid crabs have been suggested to be closely related to hermit crabs (Cunningham et al., 1992 ; but see also McLaughlin & Lemaitre, 1997; McLaughlin et al., 2004) . However, one striking di¡erence between Southern Ocean lithodids and hermit crabs is the extended larval planktotrophy in the latter. With a larval development lasting about four months in duration in P. comptus in the Beagle Channel (at constant 78C in our laboratory rearing); a theoretical larval development at much lower temperatures typical of Antarctic seas would exceed years, as already suggested in extrapolated data on temperature tolerance from congeneric species (cf. Thatje et al., 2005) . It is obvious that, despite possible physiological constraints, the mismatch in larval developmental duration and food availability alone, on an evolutionary scale should have selected against hermit crabs to sustain polar marine conditions. The reason for the lack of further endogenic (lecithotrophic) larval developments in marine pagurid crabs remains unknown, but might be related to their predominant shallow-water distribution and the principal availability of planktonic food. In the related lithodid crabs from the southern hemisphere, lecithotrophy is dicussed as a result of their evolution through the deep sea, which selected against planktotrophic larval stages (for discussion see Thatje et al., 2005) .
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